adenocarcinoma of the prostate ͉ CD4ϩ and͞or CD8 ϩ T cell ͉ cytotoxic T cell ͉ antigen-presenting cell ͉ hormone therapy
D
istinct from most other organs, the prostate undergoes its functional differentiation after the onset of puberty (1, 2) . This metamorphosis from a predominantly fibrous organ to one that is largely replaced by glandular epithelial cells is developmentally regulated by androgen (3) . Interestingly, despite this sudden and relatively late intrusion by specialized epithelial cells elaborating prostate-specific proteins, the host immune system remains largely indifferent to the prostate. Although the mechanism governing this unresponsive state is unknown, several lines suggest that the prostate is precariously balanced between a tolerigenic state and a state in which it becomes an immunologic target. For instance, the high incidence of inflammatory disorders of the prostate that occur in the absence of an identifiable pathogen has led some to conclude that the prostate is predisposed to autoimmune disease (4, 5) . Further, that responses against cancerous and͞or normal prostate tissues in both animals (6) (7) (8) (9) (10) (11) and humans (12) (13) (14) can be immunotherapeutically induced suggests that immune unresponsiveness to the prostate is governed by less stringent and reversible mechanisms for maintaining tolerance, such as T cell anergy or ignorance.
Our current study, which examines the potential of androgen withdrawal (androgen ablation) to induce T cell-mediated responses within the prostate, has been prompted by several observations. Androgen ablation, a standard palliative treatment for patients with advanced prostate cancer, induces rapid involution of normal and hormone-dependent cancerous prostate tissues at both primary and metastatic sites. Given that this regression has been attributed to the death or injury of androgen-dependent epithelial cells (15, 16) , it was of interest to explore whether such events might be sufficient to prime a T cell-mediated response that ultimately targets prostate cells of epithelial origin. Supporting this possibility, mononuclear cell infiltration has been reported to be a consistent finding in cancerous prostates removed after 3-9 months of androgen ablative treatment (17) (18) (19) . Burrows and Kennaway (20) and others (21, 22) have additionally shown that administration of estrogen, which ultimately abrogates host androgen production, induces inflammation in the rat prostate. To date, however, it has not been determined whether inflammation that arises within the prostate during androgen ablation represents a nonspecific response to tissue injury or, perhaps, a restricted response by T cells.
In the present study, we show that androgen ablation induces prominent T cell infiltration of the human prostate, particularly at glandular (normal epithelial) and tumor sites. T cell infiltration is readily apparent 7-28 days after treatment and is comprised predominantly of CD4ϩ T cells and comparatively fewer numbers of CD8ϩ T cells. Moreover, prostate-infiltrating T cells exhibit restricted TCR V␤ usage, consistent with a local oligoclonal response. This induction of restricted T cell responses within prostate tissues might encompass a repeal of host tolerance to hormone-sensitive tissues triggered on hormone withdrawal. Such T cell-mediated inflammation raised by hormone manipulation might have significant implications for the development of immunotherapeutic strategies to treat prostate cancer as well as other hormone-sensitive tumors, including breast carcinoma.
Materials and Methods
Patient Accrual and Treatment. Patients in this prospective and randomized study were accrued from the general urologic population of Loyola University Medical Center between April 1999 and April 2000. The purpose of this Institutional Review Board-approved study is to examine immunologic, molecular, and histologic changes in the prostate after short-term androgen ablative therapy. Patients were selected on the basis of their ability to meet study inclusion criteria, including: age of Ͻ70, biopsy-proven clinical stages T1-T2b prostate adenocarcinoma, no prior hormone therapy, and no prior history of immunosuppressive medications or disease. After informed consent and by using a rotating randomization scheme, patients were assigned to receive 0, 7, 14, 21, or 28 days of androgen ablative therapy before radical prostatectomy. Androgen ablative treatment included the administration of two standard agents; an androgen receptor blocker (flutamide, 250 mg orally three times per day), and a single i.m. injection of a gonadotropin-releasing hormone supragonist (leuprolide acetate 7.5 mg depot), which inhibits testosterone production for 1 month by down-regulating pituitary luteinizing hormone secretion. During treatment, pa-tients were monitored for compliance and drug-related toxicities on a weekly basis.
Tissue Procurement and Handling. On procurement in the operating room, prostatectomy specimens were immediately transferred into a sterile ice-cold slurry of normal saline. Specimens were accessioned by surgical pathology and then processed within a biohazard cabinet by using sterile technique. Initial processing of the specimen included marking the fresh prostate for orientation with sterile inks. Prostates were cut transaxially at 0.5-cm intervals. Alternating prostate slices, including the apex and bladder-neck margin, were retained by surgical pathology for completion of staging. Remaining prostate tissues were divided equally and then immediately snap-frozen in liquid nitrogen to facilitate immunohistochemical analysis. Processing of all tissues was typically completed within 30 min of prostate removal. Tissues were maintained at 4°C until final processing. , and E.D.K.), including one pathologist (E.M.W.), all of whom were totally blinded to patient treatment. After immunohistochemical staining, numbers of marker-or cytokine-positive immune cells in prostate tissues were determined by randomly photographing 10 nonoverlapping 20 ϫ fields in each of three separate prostate specimens obtained from the left, right, and middle posterior portion (peripheral zone) of each patient's prostate. Three spatially separated prostate specimens were used to ensure adequate representation of tumor and benign tissues for comparison and to reduce sampling error. Hence, mean numbers of marker-or cytokine-positive cells for each patient were calculated from a total of 30 photographed regions and these values converted to cells͞mm 2 prostate tissue. To determine numbers of infiltrating cells at tumor sites, cryosections were first stained by H&E to confirm the presence of tumor within a particular tissue specimen. Subsequently, serial sections were stained and numbers of CD3ϩ, CD4ϩ, or CD8ϩ cells within tumor sites quantified by using the method described above. Percentages of T cells expressing CD25 (IL-2 receptor), TIA-1, IFN-␥ or IL-4, were estimated by counting marker-positive cells within a specified CD3-infiltrated region, and then dividing that number by the total number CD3ϩ cells in that same region.
V␤ CDR3 Size Spectratyping of Prostate-Infiltrating and Circulating
T Cells. To assess the TCR V␤ repertoire of T cells within the prostate, T cell-infiltrated regions within cryosectioned prostatic tissues were first isolated by laser capture microdissection. Laser-captured tissues were used, in lieu of whole prostate tissues, to reduce background that might arise from the inclusion of T cells circulating within the prostate. Briefly, regions heavily infiltrated by T cells were identified by CD3ϩ staining of an initial prostate cryosection specimen. Corresponding infiltrated regions were captured from 10 consecutive tissue sections by using a PixCell infrared diode laser capture microscope (Arcturus, Mountain View, CA). RNA extracted from these lymphocyte specimens was amplified by using a high-fidelity method (23) . RNA from infiltrating lymphocytes as well as peripheral blood mononuclear cells from the same patient was reverse transcribed by using oligo(dT) primer. PCR amplification of cDNAs used [ 32 P]-labeled constant primer and primers specific for V␤ families 1, 2, and 3 (24) . A total of 30 cycles of amplification were performed by using hot-start PCR. PCR products were separated in a 6% denaturing sequencing gel and visualized͞quantified by PhosphorImager analysis. V␤ heterogeneity and relative amounts of V(D)J (CDR3) recombination products for infiltrating T cells were compared against circulating T cells by normalizing all CDR3 peak intensities against the most frequent CDR3 product in a given V␤ family from T cells in the blood. For each set of patient samples analyzed (i.e., prostate tissue and patient-matched peripheral blood mononuclear cell), V␤ analyses were routinely performed by using triplicate assays repeated on three separate occasions. Additionally, for each prostatectomy specimen analyzed, individual spectratype profiles were generated from T cells recovered from at least four widely spaced locations within each specimen (typically emanating from the anterior, central, and left and right posterior zones of each prostate).
Statistical Evaluations.
Mean values for marker͞cytokine-positive cells in prostate tissues treated for 7, 14, 21, or 28 days with androgen ablation were compared against untreated (0 day) control prostates by independent Student's t test analysis (GRAPHPAD INSTAT, Ver. 3.01, GraphPad, San Diego, CA). Similarly, t test analysis was used to compare the mean frequency of TCR V␤ clonotypes for T cells within prostate tissues against those in the blood of androgen-ablated subjects. P values of Յ0.05 were considered significant.
Results
Patient Information. A total of 35 patients were randomized into the current study. Two patients were subsequently excluded because of intervening medical conditions that precluded surgery. Of the remaining 33 patients, 7 were randomized to the no-treatment control group. The remaining 26 patients were randomized to receive preoperative androgen ablative therapy for 7 (n ϭ 7), 14 (n ϭ 7), 21 (n ϭ 5), or 28 (n ϭ 7) days. All patients completed therapy per protocol.
Androgen Ablative Therapy Results in Prostate Benign Gland and Tumor Infiltration by CD4؉ and CD8؉ T Cells and Antigen-Presenting
Cells (APCs). The mean number of CD3ϩ T cells in untreated (control) prostate specimens analyzed in our current study is 127 Ϯ 18 (CD3ϩ cells͞mm 2 Ϯ SD). This control value is in close agreement with a previously reported mean value for T cell amounts within untreated cancer-containing prostatectomy specimens (25) . As depicted in Fig. 1A , mean CD3ϩ T cell levels within prostate tissues treated with androgen ablation for 7 or 14 days are Ͼ2-fold greater than the control value of T cells (P ϭ 0.027) within untreated prostate tissues (Fig. 1B) . At day 21 of therapy, mean T cell numbers within the prostate exceed the mean control value by nearly 5-fold (P ϭ 0.0013). At day 28 of therapy, T cell levels appear to decline slightly from the 21-day value but remain well above the control value (P ϭ 0.035). That androgen ablative therapy induces a primarily T cell-mediated inflammatory process within the prostate is further supported by the complete absence of neutrophils and near absence of CD19ϩ (Fig. 1B ) cells in treated tissues (Ͻ2 cells͞mm 2 for all tissues studied; data not shown). Finally, inspection of H&E-stained sections of both treated and untreated prostatic urethra and the seminal vesicles reveals essentially no evidence of mononuclear cell infiltration, suggesting that androgen ablative therapy does not raise inflammatory responses in these nonprostatic tissues.
Analysis of epithelial sites within prostatic tissues reveals that androgen ablation not only induces T cell infiltration around benign acinar glands (Fig. 1C) but also promotes T cell infiltration of prostate tumor sites ( Fig. 1 D and E) . Independent analysis of malignant sites within treated and untreated prostate tissues demonstrates that androgen ablation increases tumor levels of T cells by Ͼ6-fold (mean number of tumor infiltrating T cells͞mm 2 of prostate tissue Ϯ SD: untreated tissues, 54 Ϯ 7 versus 21-day treated tissues, 339 Ϯ 15; P ϭ 0.009). In contrast, CD3ϩ T cell numbers within the prostatic stroma remain relatively low and unaffected by treatment (data not shown). T cell subset staining further reveals that androgen ablation induces a response predominantly by CD4ϩ T cells ( Fig. 2A) and a lesser response by CD8ϩ T cells (Fig. 2B) . By 21 days of treatment, CD4ϩ levels increase by Ϸ5-fold, and CD8ϩ levels increase by Ϸ2-fold in treated tissues compared with untreated prostate tissues (Ϸ90 CD4ϩ and Ϸ40 CD8ϩ T cells per mm 2 of untreated prostate tissue). Hence, by 21 days of treatment, the ratio of CD4͞CD8 T cells is Ͼ5:1. In contrast, the ratio of CD4͞CD8ϩ T cells in untreated prostatic tissues is Ϸ2:1, similar to that for T cells in circulation.
Further immunochemical analysis of CD3ϩ T cell-rich infiltrates within treated prostate tissues reveals that Ϸ65% of mononuclear cells comprising these infiltrates express IFN-␥ (Fig. 2C) . Additionally, a high proportion of these cells express the proliferative marker, K i 67, activation marker CD25 (IL2 receptor) and͞or cytotoxic marker, TIA-1 (Fig. 2 D-F, respectively) . In contrast, Ͻ1% of mononuclear cells within either treated or untreated prostate tissues express IL-4, and little or no CD25, TIA-1, or K i 67 is expressed by mononuclear cells residing within untreated tissues (data not shown). Collectively, these data indicate that androgen ablation not only triggers infiltration of the prostate by predominantly CD4ϩ and a lesser number of CD8ϩ T cells but also promotes a locally proliferative cellular inflammatory response that appears polarized toward IFN-␥ production.
Given that APCs play a central role in the induction of antigen-specific T cell activation (26-28), prostate tissues were additionally examined for levels of two APCs, macrophages, and dendritic cells (DC). As is depicted in Fig. 3A , androgen ablative therapy causes an increase in levels of CD68ϩ macrophages (Fig.  3C ) as well as CD83ϩ DC (data not shown) within treated prostate tissues relative to untreated tissues (Fig. 3B) . At day 21 of therapy, the mean level of CD68ϩ macrophages in treated prostate tissues exceeds the control value by Ϸ3-fold (Fig. 3A , (Fig. 3D) and CD86ϩ (B7.2) (Fig. 3 D-F ) also increase in response to treatment consistent with an increased presence of competent (activated) APCs within treated tissues. Together, these data indicate a potential role for APCs in mediating T cell activation within the prostate.
T Cells Infiltrating the Androgen-Ablated Prostate Exhibit Restricted
TCR V␤ Gene Usage. That T cells represent the predominant inflammatory cell within the treated prostate, and that many of these cells appear activated, suggest that androgen ablation might promote local antigen-specific T cell activation. To test this possibility, we used TCR V␤ spectratyping to compare V␤ gene usage by T cells from the prostate and blood of the same individual. This technique generates a profile or ''spectratype'' of the V(D)J (CDR3)-region recombination products that collectively define a given V␤-chain family and that individually determine the antigen-specificity of a particular V␤ subunit. Therefore, populations of T cells responding to specific antigen(s) within the prostate might exhibit restricted V␤ gene usage relative to T cells in the blood.
To date, we have performed V␤ spectratyping on T cells recovered from prostate and blood specimens of six androgenablated subjects accrued into this study. Because of restricted tissue availability, our present study was limited to an evaluation of TCR V␤ families 1, 2, and 3, because these families are typically well represented in the bloods of most individuals. By using our spectratyping approach, we have established that individual clonotype (CDR3) values within a given tissue sample (analyzed in triplicate and on three separate occasions) vary by ϷϮ10% (SD), supporting that our method is capable of producing reasonably consistent spectratypes (Fig. 4A) . Moreover, prostate T cell spectratypes from all six patients analyzed to date have revealed ''skewing'' of V␤ clonotype frequencies relative to V␤ clonotype frequencies exhibited by patient-matched circulating T cells (Fig. 4A) . For all six patient tissue sets analyzed to date, statistically significant skewing of spectratypes occurred in at least one of the three V␤ families surveyed. Most significantly, in all six patients (six of six), spectratypes of T cells recovered from widely separated locations within the same prostatectomy specimen (i.e., T cells from the anterior, central, and left and right posterior peripheral zones of the prostate) yielded highly concordant patterns of spectratype skewing (Fig. 4B) . Collectively, these data support that T cells infiltrating treated prostate tissues exhibit restricted V␤ gene usage, suggesting the induction by androgen ablation of oligoclonal T cell responses uniformly throughout the prostate.
Discussion
Systematic studies examining immune responses within regressing human hormone-sensitive tumors or tissues have not been previously reported. This is likely because there is rarely, if ever, an occasion to examine such tissues after initiation of hormone treatment.
In the present study, we demonstrate that androgen ablative treatment of patients with prostate cancer triggers vigorous T cell-mediated inflammation within the prostate. Prostate T cell infiltration is readily apparent between 7 and 28 days of therapy and is comprised of a response predominantly by CD4ϩ T cells and comparatively fewer numbers of CD8ϩ T cells. Also, prostate-infiltrating T cells express proliferation͞activation markers and exhibit similar patterns of restricted V␤ gene usage despite their recovery from disparate locations throughout the prostate. Collectively, the above observations implicate androgen ablative therapy as a means to induce oligoclonal T cell responses uniformly throughout prostate tissues. Evidence that this T cell response might be directed at cells of prostate epithelial origin is suggested by the preferential accumulation of T cells in proximity to both benign glands and tumor sites within the prostate as well as the absence of a similar inflammatory response within nonprostatic tissues including the prostatic urethra and seminal vesicles. Also, we have recently observed that one of three propagating bulk T cell lines (established from prostate tissues of androgen-ablated subjects) exhibits in vitro reactivity against HLA-matched prostate tumor cell targets providing some, albeit preliminary, evidence that T cells within treated prostate tissues can exhibit tumor-specific activity. Clearly, however, further studies will be required to establish the specificity of T cells that accumulate within the prostate in response to androgen ablative therapy.
A number of mechanisms may contribute to the T cell response that develops within the prostate during androgen ablation. For instance, it is generally accepted that androgen ablation promptly induces apoptosis and injury of hormonedependent prostate tumor and epithelial cells (15, 16) . Because apoptotic bodies are ready targets for phosphatidylserine pathway-mediated phagocytosis and can potentially serve as an efficient source of antigen to prime APC (29) (30) (31) (32) , androgen ablation might simply enhance in situ APC-mediated prostate antigen presentation. Consistent with this, we demonstrate that tissue levels of two APC types, macrophage and dendritic cells, increase with ablative therapy. This response is paralleled by a rise in CD80 (B7.1)-and CD86 (B7.2)-expressing cells that could conceivably function to induce prostate-specific T cell costimulatory activation. Hence, increasing sources for antigen combined with simultaneously rising levels of competent APC might converge to induce prostate-specific T cell activation. A number of additional nonexclusionary mechanisms whereby androgen withdrawal might facilitate antiprostate immune responses have been reported. These include: disruption of prostate tumor vessels (33) and normal prostate glandular architecture (17) (18) (19) , which could permit greater immune access to cryptic or sequestered prostate antigens; modulation of locally produced cytokines (34, 35) to provide an environment favoring antigen-specific T cell activation; and͞or down-regulation of immune-inhibitory substances, such as zinc, that accumulate in high concentrations within the androgen-intact prostate (36, 37) . Finally, that adult prostate development begins at puberty-curiously coinciding with the onset of androgen-mediated regression of both thymic and marrow tissues-suggests a mechanism whereby autoimmune responses against the prostate might be down-regulated by androgen. Given that postpubertal withdrawal of androgen promotes restitution of cellular immune components in animals (38, 39) raises the possibility that restrictions on immune targeting of the prostate might be eliminated on androgen withdrawal. A similar paradigm for hormonemediated down-regulation of maternal T cell-mediated immunity to protect developing fetal tissues has recently been proposed (40) .
That androgen ablation also causes tumor regression at disseminated cancer sites may extend its potential to prime systemic responses against metastases. In support of this, several studies have reported correlation between host immune parameters and the response to androgen ablative treatment (41) (42) (43) (44) . For instance, increased levels of circulating lymphocytes (41) and reductions in serum anti-inflammatory cytokines (42) after initiation of treatment have both been reported to portend a more favorable outcome during androgen ablation therapy. Additionally, inverse relationships between rates of cancer recurrence and number of infiltrating T cells within tumor tissues (43) , as well as macrophage numbers within prostate tumors versus tumor-grade severity (44) , imply that host cell-mediated immune responses may act to suppress prostate cancer progression. Because a minor fraction of advanced prostate cancer patients experience exceptionally long intervals of survival after androgen ablative treatment, it will be of significant interest to determine whether longer survival for this subpopulation of prostate cancer patients results from prostate-specific T cellmediated immunity that is induced by androgen ablative therapy.
The importance of CD4ϩ T cells (45), a type-1 (IFN-␥) intratumoral microenvironment (46) , and tissue-specific immunity (47) for the induction of optimal responses to antitumoral immunotherapy collectively suggest that T cell responses raised by androgen ablation might be particularly amenable to immunotherapeutic potentiation. We and others have reported that manipulations of the T cell costimulatory pathway, particularly in vivo antibody-mediated blockade of the T cell inhibitory CTLA-4 receptor (CTLA-4 blockade), can potentiate T cellmediated responses against a number of murine tumors (48) including TRansgenic Adenocarcinoma of the Mouse Prostate (TRAMP) tumors (9-11, 49, 50) . It has further been shown that manipulations that boost host antigen presentation to facilitate tumor-specific costimulatory T cell activation (i.e., granulocyte͞macrophase colony-stimulating factor tumor cell vaccination) act synergistically with CTLA-4 blockade (11, (51) (52) (53) (54) . That androgen ablative therapy promotes robust and restricted T cell-mediated responses within human prostate tissues suggests a potential for this form of therapy to prime prostate-specific T cell responses that might be synergistically enhanced by CTLA-4 blockade to treat prostate cancer.
